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This  published work d i s c u s s e s  problems a r i s i n g  f r o m  diffusion 
in te rac t ion  between m a t e r i a l s  and the i r  claddings and the film of con- 
densa te  f o r m e d  on their  s u r f a c e s .  Since condensates  prac t ica l ly  a lways 
f o r m  on heated m a t e r i a l s ,  the commencement  of in te rac t ion  is observed  
dur ing  the p r o c e s s  of format ion  of the film. 
investigation of the c h a r a c t e r i s t i c s  of the diffusion in te rac t ion  of the film 
with the m a t e r i a l s  should be divided into two s t a g e s :  
the p r o c e s s  of the format ion  of the film and the in te rac t ion  dur ing  the 
p r o c e s s  of extended i s o t h e r m a l  heating. 
a r e  presented  in this  work. 

In  this connection, the 

in te rac t ion  during 

Detailed r e s u l t s  of two s t a g e s  

A c h a r a c t e r i s t i c  of the f i r s t  s t a g e  i s  the s imul taneousness  of the 
condensation and diffusional t r a n s f e r  of 

The continuity of the con- 
c o u r s e  of the two p r o c e s s e s :  
the cladding m a t e r i a l  into a growing layer .  
densa te  growth,  as wel l  as the law governing the growth of the layer  
i tself ,  g ives  r i s e  to the appearance  of c e r t a i n  specif ic  c h a r a c t e r i s t i c s  
in the c h a r a c t e r  of diffusion interact ion (Section I). 

The in te rac t ion  of the f i lm with the m a t e r i a l  dur ing  i s o t h e r m a l  
heating m a y  occur  a t  t h e  expense of a d e c r e a s e  of the content of one 
of the components of the cladding m a t e r i a l  and not as a r e s u l t  of the 
in te rchange  reac t ion .  
a subs tan t ia l  influence on the c h a r a c t e r  of diffusion p r o c e s s  in s u c h a  
s y s t e m .  
bide of u r a n i u m  with molybdenum and tungsten (Section 11). 

I t  is borne out that g e o m e t r i c  c o r r e l a t i o n s  have 

This  is shown by the example of contact  diffusion of monocar -  

B e s i d e s  these  g e n e r a l  questions concerning c h a r a c t e r i s t i c s  of 
diffusion in te rac t ion  of deposited m a t e r i a l s ,  invest igat ion is a l s o  made  
of the c o r r e l a t i o n  of the diffusional 'mobili ty of a t o m s  with thermodynamic 
c h a r a c t e r i s t i c s  of m a t e r i a l s .  

In conclusion,  a study is made of da ta  c o n c e r n i n g t h e  diffusion of 
c a r b o n  in  z i r c o n i u m  carb ide  (Section 111). N61-34315 

1. CHARACTERISTICS OF DI F N S I O N  PROCESSES IN CONDENSATES, 
FORMED ON A HOT CLADDING 

by. A. A. Babad-Zakhryapina and L. Gert 

1. Introduction 

T o  c r e a t e  a well bonded layer  of condensate  with a cladding 
s u r f a c e ,  i t  is common prac t ice  t o  utilize heating of the cladding during 
the p r o c e s s  of condensation. 
t h e r e  o c c u r s  an  inevitable diffusion interact ion between the cladding 

During the c o u r s e  of the whole p r o c e s s ,  
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m a t e r i a l  and the condensa te  m a t e r i a l ,  a c h a r a c t e r i s t i c  of which is a 
diffusional penetrat ion of the cladding m a t e r i a l  into the l a y e r  of conden- 
s a t e .  On the o the r  hand,  the pene t ra t ion  of the condensa te  m a t e r i a l  
into the cladding a l s o ,  to  a c e r t a i n  d e g r e e ,  has to  be de t e rmined  by the 
conditions of condensation. 

The diffusion in te rac t ion  between the cladding and the condensa te  
m a y  lead to a change i n  the conditions of condensat ion,  i. e . ,  a change 
in the c h a r a c t e r  of dependence between the th ickness  of the l a y e r  and 
the t ime i t  t akes  to f o r m ,  as wel l  as  have a subs tan t ia l  influence on  the 
phase fo rma t ion  in the condensa te  l a y e r .  R e g a r d l e s s  of the f ac t  whether  
t hese  phenomena a re  d e s i r a b l e  o r  undes i r ab le  in  the p r o c e s s  of fo rma t ion  
of the condensa te  l a y e r ,  they have to  be taken into account  and a method,  
based on  p r i o r  knowledge, has to  be developed by which thc phenomena 
c a n  be evaluated quantitatively.  

2. Unilateral Interaction of the Cladding Material with the Condensate 
Layer During the Process of the Layer Formation 

For the solut ion of this p rob lem,  i t  i s  n e c e s s a r y  to  know the 
growth law of the condensate  l aye r .  
examined: l i nea r ,  i. e . ,  the growth of the l aye r  with a cons tan t  speed  
and parabol ic  - with a va r i ab le  velocity.  

Subsequent ly ,  two laws  will  be 

The s i m p l e s t  c a s e ,  which i s  encountered  i n  the invest igat ion of the 
diffusion in te rac t ion  of the cladding with the condensa te ,  i s  the un i l a t e ra l  
diffusion in the condensa te  l aye r .  
following manner :  
s tance  B i s  placed accord ing  to  the law x = f ( t )  
to de t e rmine  the concent ra t ion  of subs t ance  A (i. e . ,  c 
of the l aye r  of condensate .  

T h i s  c a s e  may be fo rmula t ed  i n  the 
on a cladding of m a t e r i a l  A a t  a t e m p e r a t u r e  T ,  sub-  

( t - t i m e ) ;  i t  i s  n e c e s s a r y  
) on the s u r f a c e  

A 

H e r e  i t  will be a s s u m e d  that the coeff ic ient  of diffusion A in B 
( D  

( D  ). F o r  s impl ic i ty  and e a s e  of notation, l e t  us  cons ide r  that  

) is cons iderably  g r e a t e r  than the coeff ic ient  of diffusion of B in A AB 

BA 
DBA = 0 and D = D. AB 

Boundary conditions f o r  this  p r o b l e m  have  the form ( F i g u r e  1) on 
the in te r face  cladding condensate .  



on the su r face  of the l a y e r  

= c where  Q = f ( t ) .  c (x*  t)x = Q A’ 

F r o m  the g e n e r a l  solut ion of the F i c k  equation f o r  a un i l a t e ra l  source’  
and above boundary conditions for  a c a s e  when Q = 2 b 6 ,  we obtain: 

CO c =  
A 1 t F ( b )  

w h e r e  F ( b ) = & b  exp  b2\E(b),  Q(b) - function of G a u s s  e r r o r s .  

F i g u r e  1. D i a g r a m  of the Distr ibut ion 
of Concent ra t ion  i n  a L a y e r  of Condensate 
in a C a s e  of Unilateral  Single P h a s e  
Diffusion 

Under l i nea r  law of growth  of l aye r ,  when 1 = k t  

CO c =  
A 1 t F ( k ,  t )  

w h e r e  

F ( k ,  t ) = k e e u p - - - V ( 2 a  k2t  Q ) .  
4D 

The expres s ion ,  de t e rmin ing  c under  l i nea r  law of l a y e r  growth,  
A 

is a n  approx ima t ion  and may  be  uti l ized fo r  ca l cu la t ions -a t  low va lues  of 
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k and t. 
solution of the equation of m a t e r i a l  balance on the boundary of cladding 
condensate , where  

An a c c u r a t e  solution of this problem may be obtained by the 

a c  - D-1 ax = cAk, 
x = Q  

( 3 )  

bearing i n  mind that  dQ / d t  = k. 

Let  u s  p e r f o r m  a substi tution of var iab le  k = 8 . Such a subst i tut ion 
is possible provided that  

ac - dcA . 
a t  d t  
- -  

Q 

W e  will p rove  that the l a t t e r  equivalence is valid only in the case if 
1 = kt. 
obtained r e s u l t  with the F i c k  equation f o r  point 8 ,  we obtain 

Differentiating Equation ( 3 )  accord ing  to Q and compar ing  the 

AS c 
A 

Q =  kt. 

# 0 accord ing  tothe problem,  then ( d / d Q )  (d8  /d t )  = 0 which g ives  

Bearing in mind that c ( Q ,  t )  = c 

f e r  to var iab le  "k", we obtain 

and - D ( a c  
A A / a Q ) = c A k ,  a f t e r  t r a n s -  

~ ( x ,  t ) =  co exp -- . (3 
Let  u s  prove that expres s ion  (4 )  s a t i s f i e s  F i c k ' s  equation and boundary 
conditions. 
c o o r d i n a t e s x  = 8 -  x ( F i g u r e  2 ) .  
express ion  ( 4 )  will  be wr i t t en  as 

F o r  this  purpose ,  i t  is expedient  to go to another  s y s t e m  of 
In the new s y s t e m  of coord ina tes ,  

k z t )  * 
c(X, t)  = c o  exp ( 5 )  
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- 
0 A Thickness 

F i g u r e  2. The  Connection Between S y s t e m s  
of Coordinates  Showing the Dependence 
of the Concentrat ion of Cladding M a t e r i a l  
in  the Condensate Layer  on the Growth Rate  
Under the L i n e a r  Law f o r  the Growth of the 
C o nde ns at e 

By d i r e c t  substi tution, i t  is e a s y  to be convinced that e x p r e s s i o n  (5 )  
s a t i s f i e s  both the F i c k  equation and boundary conditions.  

F r o m  Equation (4) ,  i t  follows that the d is t r ibu t ion  of the concentra-  
t ion in  the l a y e r  of the condensate ,  growing accord ing  to  l i n e a r  law, 
is pseudo-stat ionary.  
is d e t e r m i n e d  only by the re la t ionship  k / D .  

The f o r m  of the concentrat ion curve  in  this c a s e  

With the i n c r e a s e  of the growth r a t e ,  the concentrat ion of l a y e r s  a t  
any  one given point, and consequently on the s u r f a c e ,  d e c r e a s e s .  The  
s a m e  conclusion is a r r i v e d  a t  by analysis  of approximated cor re la t ion(2) .  

In any c a s e  of parabol ic  law of growth, c r e m a i n s  a constant  
A 

independent of t ime while i t s  value is de te rmined  only by p a r a m e t e r  
"b". 

d e t e r m i n a t i o n  of coefficients of diffusion. T h e  m o s t  sui table  f o r  this 
purpose  is c o r r e l a t i o n  (4). 
concent ra t ion  c u r v e ,  which is p e r m i s s i b l e  f o r  lower values  of k x / D ,  
we obtain c(x,  t)  = c 0 D / ( D  + kx). In this re la t ionship,  magnitudes of "k" 
and "x" a r e  e a s i l y  de te rmined  experimental ly .  Thus ,  f o r  computation 
of D ,  i t  is only n e c e s s a r y  t o  know the concentrat ion at any one given 
point along the thickness  of the layer .  In the c a s e  where ,  as a r e s u l t  
of diffusion, solid solutions a r e  formed and i f  the concentrat ion depen- 
dence  of the la t t ice  p a r a m e t e r  is known, then the concentrat ion on the 
s u r f a c e  of the l a y e r  can  be determined by X - r a y s .  

The  above obtained c o r r e l a t i o n s  ( 3 )  and (4)  m a y  be uti l ized f o r  

Conducting a l i n e a r  interpolat ion of the 
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I 
I 

Now le t  us  examine a c a s e  where ,  as a r e s u l t  of diffusion, t he re  
is  a possibil i ty of fo rma t ion  of two phases  in the growing l aye r :  one 
with a l a r g e  content of subs tance  A (phase  I )  and  another  with a l e s s e r  
content (phase  11). 
as follows ( F i g u r e  3 ) :  a t  P =  0 c = C O ,  a t  Q =  .el, t he re  is a constant  range  
of the concentrat ion c1,2 - c2, 

The boundary conditions of s u c h  a problem appea r  I 
A' 

a t  Q = a, c = c l 

F i g u r e  3 .  Diagram of the Distr ibut ion in the 
Condensate Laye r  in the Case  of Two P h a s e  
Unila t e r a 1 Diff u s ion 

This  problem m a y  be solved in the same manner  as the preceding 
one but with one d i f fe rence ,  that  the solution i s  ac tua l ly  conducted 
separa te ly  for r anges  O s  x < Q1 and 1, < x 5 Q2 ( a ,  and Q 2  a r e  a r e a s  of 
exis tence of phases  I and 11) and is r ea l i zab le  as one s ingle  solution by 
means  of  the m a t e r i a l  balance condition on the boundary of the sepa ra t ion  
of phases .  
phases  or  growth of phase I o c c u r s  accord ing  to  the  parabol ic  law 
XI  = 2 b l m t .  
t h e r e  m a y  be  obtained an  equation connecting the value of the concen-  
t ra t ion  with p a r a m e t e r s  bl and b2: 

It is a s s u m e d  that  the  m o v e m e n t  of the boundary between 

F o r  the parabol ic  law of the l a y e r  growth ( x 2  = 2 b 2 c t ) ,  

This  co r re l a t ion  p e r m i t s  the evaluat ion of the c h a r a c t e r  of the 
dependence between bl and b2. 
va ry  within the l imi t s  bl 5 b2 < 00.  

In the context  of the problem,  b2 m a y  
At bz = blF(blb2)  = 0 and 
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co - c19 

c1,2 
c2, 1 is maintained. 

= F ( b l ) ,  i. e . ,  on the growing sur face  a cons tan t  concentrat ion 

co - C2,l - c1, 2 

F ( b )  FPlW ' 
If b2 - 00, then F(blb2) - 0 0  and c2,1 - c1, 2 = 

1 this is equivalent to diffusion into semi- inf ini te  s p a c e  . 
d e m o n s t r a t e  that  bl e x i s t s  only i n  a c e r t a i n  definite range  of values and 
d e c r e a s e s  with the i n c r e a s e  of b2, reaching into l i m i t s  of va lues ,  c o r r e -  
sponding to  a c a s e  of j e t  diffusion into semi- inf ini te  space .  

I t  is e a s y  to  

Under the l inear  law of growth of the l a y e r  in a n  analogous m a n n e r  
( s u c h  as that  f o r  a case under  parabol ic  law),  a n  approximated c o r r e l a -  
tion m a y  be obtained: 

w h e r e  

t o  - t i m e ,  

upon conclusion of which phase  I1 was  f o r m e d  i n  the l a y e r .  
la t ion,  j u s t  as f o r  the c a s e  of one phase diffusion, m a y  be uti l ized with 
small k and t. 
t h e r e  o c c u r s  a n  i n c r e a s e  of bl. The application of a quas i - s ta t ionary  
method of computation f o r  the l inear  growth law p e r m i t s  computation 
of the ini t ia l  s ingle  phase diffusion. The solution in  different ia l  f o r m  
f o r  this c a s e  has the appearance  as follows: 

This  c o r r e -  

I ts  ana lys i s  shows that with the diminution of k and t ,  

c A  . . 1- dQ1) c2,1 - co dQ1 
d t  2 d t  

I 
"2 

T h i s  s y s t e m  m a y  be solved by any one of the  wel l  known methods of 
approximated  solutions.  As a r e s u l t ,  i t  will  be found that  = q ( t )  
and c = f(t). A 
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I 3. Interaction of the Condensate with the Cladding During the Process 
of the Layer Formation 

As i n  the preceding  pa rag raph ,  a n  a s sumpt ion  will  be m a d e  tha t  
i n  the p r o c e s s  of the l aye r  f o r m a t i o n  of condensa te ,  t h e r e  o c c u r s  a 
unidirect ional  d i f fus ion  of the condensate  m a t e r i a l  into the cladding. i 

Let u s  examine  a c a s e  of parabol ic  law growth  of the condensa te  
and single phase diffusion ( F i g u r e  4). 

At x1 = 2 b l a t  and x2 = 2 b z m ,  we obtain 

w h e r e  c '  is the concent ra t ion  of B in  the condensa te  m a t e r i a l  of corn- 
posi t ion A B , 

m n  
c 

c1 is the lowest  concent ra t ion  of B in the fo rming  phasc ,  
co is the concent ra t ion  of B on the  s e p a r a t i o n  boundary of the 

x2 is the coord ina te  of the s u r f a c e  of the growing l a y e r  of the 

x1 is the coord ina te  of the concent ra t ion  s t a g g e r  c1 - 0  of the 

is the concent ra t ion  of B on the s u r f a c e  of the condensa te ,  B 

cladding and the l a y e r  of the condensa te ,  

c onde ns a t e ,  

fo rming  phase.  

I Es t ima t ion  of the dependence  c and bl on b2 shows  that a n  i n c r e a s e  
B 

At b2 - 00, the  
B' 

of b2 leads  to  a d e c r e a s e  of bl and a n  i n c r e a s e  i n  c 

resu l t ing  e x p r e s s  ions t r a n s f o r m  t h e m s e l v e s  into e x p r  e s s ions  d e s c r i b i n g  
diffusion from semi- inf in i te  s p a c e  . 1 

However,  i f  the  veloci ty  of the input of the  s u b s f a n c e  into the cladding 
is so  insignificantly s m a l l  tha t  i t  is i m m e d i a t e l y  a b s o r b e d ,  then  the prob-  
l e m  becomes cons iderably  m o r e  complex .  
namely ,  absorp t ion  of p re l imina r i ly  a c c u m u l a t e d  l a y e r ,  is inves t iga ted  
by Malkovich'. 

A v a r i a n t  of s u c h  a p rob lem,  
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F i g u r e  4. D i a g r a m  of the Dis t r ibu t ion  of Con- 
cen t r a t ion  During Unilateral  Single P h a s e  
Diffusion of the Condensate M a t e r i a l  into the 
Cladding 

4. Characteristics of Phase Formation in Condensate Layers Formed 
on a Hot Substrate 

I t  has been shown above  that  under  parabol ic  law of growth  of 
the condensa te ,  the concent ra t ion  of the cladding m a t e r i a l  on the s u r f a c e  
of the l a y e r  r e m a i n s  cons tan t ;  however ,  in  the c a s e  of l i nea r  law,  i t  
v a r i e s  with the pas sage  of t ime  i n  the d i r e c t i o n  of diminut ions.  
F i g u r e  5 ,  both laws of growth  a r e  shown in  g e n e r a l  f o r m .  
the tangent ia l  l ine to  the pa rabo la  is pa ra l l e l  t o  the s t r a igh t  l ine ,  
co r re spond ing  to the l i nea r  law growth of the l aye r .  
r a t e  of the l a y e r  growth is g r e a t e r  than in  the c a s e  under  l inear  law, 
while  on s e c t o r  AB i t  is s m a l l e r .  

In 
At point A, 

On s e c t o r  OA, the 

L e t  u s  jux tapose  the c h a r a c t e r i s t i c s  of the  l aye r  growth  of condensa te  
c With the th ickness  of the 

l a y e r  Q = O F g r o w n  accord ing  t o  l inear  law, the concent ra t ion  is g r e a t e r  
on the s u r f a c e .  With the th ickness  O F  < QI OQ, the s u r f a c e  concent ra -  
t ion wi l l  be s m a l l e r  than c i. e . ,  the r a t e  of the l aye r  fo rma t ion  on 

this  s e c t o r  is g r e a t e r  than i t  is n e c e s s a r y  f o r  the suppor t  of concent ra -  
t ion c 

s h a l l  o c c u r  a d r o p  in  concent ra t ion  f r o m  co to  c 
A 

c a s e  th i s  wil l  occu r  a t  O F  < Q < Ocp during t i m e  t 

f o r m e d  under  parabol ic  and l inear  laws .  A 

A' 

on the su r face .  The ul t imate  th ickness  ( l imi t )  a t  which t h e r e  
A 

is Q = OCO. 

B' 

In a g e n e r a l  

< t < t 
A 

I t  has been noted above tha t  the highest  r a t e  of phase  growth i n  the 
condensa te  i s  a s s u r e d  with the format ion  of the l aye r  accord ing  to the 
pa rabo l i c  law. However,  i n  the c a s e  of fo rma t ion  of the phase  dur ing  
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diffusion into semi - in f in i t e  s p a c e ,  the phase  growth o c c u r s  also accord ing  
t o  parabol ic  law but  with a lesser speed .  

F i g u r e  5. D i a g r a m  I l lus t ra t ing  C o r r e l a t i o n s  
Between R a t e s  of Growth  Under P a r a b o l i c  
and L inea r  Law a t  Equal  T i m e  

In F i g u r e  6 ,  two parabolas  a r e  shown cor responding  to  the growth 
of the phase in l a y e r  ( l ) ,  fo rmed  accord ing  to parabol ic  law, and during 
diffusion into s e m i -  infinite space  ( 2 ) .  

With the growth of the phase in the l a y e r  f o r m e d  accord ing  to l i nea r  
law, it is possible  to s e l e c t  such  a r a t e  of growth  that  i n  t i m e  t ,  the thick- 
n e s s  of the phase  in  this  l a y e r  will  be l e s s e r  accord ing  to  c u r v e  2 in 
growth but g r e a t e r  accord ing  to c u r v e  1 ,  i. e.  , Q, < Q < Ql. 

Thus,  under  the l i nea r  growth  law of the l a y e r ,  the p i c tu re  of the 
d is t r ibu t ion  of phases  is m o r e  extended than i n  the  c a s e  of d i f fus ion  
in to  semi-  infinite space .  This c h a r a c t e r i s t i c  of phase  fo rma t ion  under  
the l inear  growth law p e r m i t s  the growing of p h a s e s  with a n a r r o w  a r e a  
of homogeneity up to a c e r t a i n  noticeable th i ckness .  



F i g u r e  6.  D iag ram,  I l lustrat ing C o r r e l a t i o n s  
Between the Thickness  of the Phases in  the 
C a s e  of the Growth of the P h a s e  i n  the L a y e r ,  
F o r m e d  According to P a r a b o l i c  Law ( 2 ) ,  
Upon Diffusion Into Semi- infinite Space (1)  
and in a L a y e r  F o r m e d  According to  L inea r  
L a w  

II. DIFFUSION OF CARBON FROM CARBIDE OF URANIUM 
INTO MOLYBDENUM AND TUNGSTEN 

by V. 5. Eremeyeiev, A. S. Panw, B. F. Ushakov, 
and Ye. V. Fiveiskii 

1. Introduction 

In connect ion with the s e a r c h  for new high t e m p e r a t u r e  con- 
s t r u c t i o n  m a t e r i a l s  du r ing  the l a s t  two decades ,  many works  have  
a p p e a r e d  on the invest igat ion of the c h a r a c t e r i s t i c s  of c a r b i d e s  of 
t r ansmutab le  me ta l s3*  4 * 5 .  Specifically,  a t tent ion was  focussed  on the 
p r o b l e m s  of diffusional  mobil i ty  of carbon in  c a r b i d e s  of t r ans i t i on  

's9as wel l  as the p rob lems  of contac t  in te rac t ion  of c a r b i d e s  
with m e t a l s  l O , l l ,  1 2 ,  13 

In r e s e a r c h  on contact  interact ion of c a r b i d e s  with m e t a l s  having a 
In the f i r s t  c a s e ,  a n  exchange high mel t ing  point, two c a s e s  can  a r i s e .  

r e a c t i o n  o c c u r s  of the type: 

(a) I '  Me  C t M e  = M e  C t M e  I I1 11 
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In the second c a s e ,  the c a u s e  of the format ion  of the carb ide  l a y e r  
on the m e t a l  in  contact  is the migra t ion  of a t o m s  of c a r b i d e  into the 
metal .  
content of c a r b o n  in c o m p a r i s o n  with s to ich iometry  o r  because of the 
f a c t  that carb ide  p a s s e s  to the lower l imi t  of the homogeneity area. 
W i t h  th i s ,  the following r e a c t i o n  o c c u r s :  

This  migra t ion  is rea l ized  e i ther  as a consequence of s u r p l u s  

t X M e  = Z M e  C t X M e  C 
I1 I Y  I1 z' 

ZMe C I y t x  

where  C is the lower l imi t  of the a r e a  of homogeneity of carb ide  

Me C 
Y 

I y t x '  

I n  pr inciple ,  the reac t ion  of the f i r s t  type m a y  be accompanied by 
the react ion of the second type. However ,  c a s e s  m a y  o c c u r  when, in  
sp i te  of the fac t  that  the reac t ion  of the f i r s t  type is thermodynamical ly  
impossible ,  the contact  in te rac t ion  d o e s  take place.  Sys tems UC - M o  
o r  UC - W may s e r v e  as a n  example of this.  P r o b a b l y  only by m e a n s  
of the reac t ion  of the second type is i t  possible  to explain the contact  
interact ion of s to ich iometr ic  monocarbide of u r a n i u m  with molybdenum 
and tungsten . 14,15 

The re la t ive ly  l imited avai lable  d a t a  f r o m  l i t e r a t u r e  on the subjec t  
of the kinet ics  of solid phase r e a c t i o n s  in such  s y s t e m s  a r e  often cont ra -  
dictory.  T h e r e f o r e ,  the study of contact  in te rac t ion  in  s y s t e m  Me C - 
MeII, where  the reac t ion  of the type Equat ion (6 )  takes  place, p r e s e n t s  

a n  unusual i n t e r e s t .  

I 

In the c u r r e n t  work ,  equations cor responding  to the r e a c t i o n  of the 
type Equation ( 6 )  a r e  solved,  and d i s c u s s i o n  is p r e s e n t e d  on the influence 
of the carbon content o n  the kinet ics  of the p r o c e s s .  F o r  the purpose  of 
substantiating the computed va lues ,  a s tudy is m a d e  of the contact  in te r -  
act ion of the carb ide  of u r a n i u m  with molybdenum and tungsten a t  1000°C.  

2. The Solution of the Diffusion Equation for a Case of Migration of Carbon 
From Carbide into Metal 

The solution of a s y s t e m  of equat ions,  d e s c r i b i n g  the k ine t ics  
of solid phase r e a c t i o n s ,  often b e c o m e s  compl ica ted .  Specifically,  when 
the limiting s t a g e s  a r e  diffusion p r o c e s s e s  and the kinet ic  f a c t o r s  on the 
boundaries of s e p a r a t i o n  of phases  m a y  be i g n o r e d ,  the finding of solutions 
is c ons id e ra  bl y f a c  i l i  ta  t ed. 

L e t  
11' 

US l imit  o u r s e l v e s  by a c a s e ,  when the k ine t ics  of the growth of the 

Let US examine the contact i n t e r a c t i o n  in  s y s t e m  Me C - Me I 
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forming  l a y e r s  is de t e rmined  by the migra t ion  of ca rbon  f r o m  the carb ide  
into the me ta l ,  and f u r t h e r m o r e  the reac t ion  t akes  place accord ing  to  the 
type Equation (6) .  The proposed scheme is appl icable  fo r  those s y s t e m s  
of Me C - Me when Me C is thermodynamical ly  m o r e  s tab le  than I I1 I 
Me C,  while the growth of the carb ide  l aye r  on Me  is r ea l i zed  a t  the I1 I1 
expense of excess ive  carbon i n  the carb ide  of Me C i n  compar i son  with 

the concentrat ion of ca rbon  corresponding to the lower l imi t  of the a r e a  
of homogenity of Me C. 

I 

I 

F i g u r e  7 schemat ica l ly  i l l u s t r a t e s  the d is t r ibu t ion  of the concent ra -  
tion of ca rbon  i n  the p rocess  of j e t  r eac t ive  diffusion of ca rbon  f r o m  
carb ide  into the me ta l  a t  moment  of t ime t. 

In this  connection, the following designations are  introduced. Cl2 

and C 2 2  a r e  the concentrat ions of carbon on the boundaries  of the fo rm-  
ing ca rb ide  phase ,  C22 is the concentrat ion of ca rbon  cor responding  to 
the lower l imi t  of the a r e a  of homogeneity of the forming  ca rb ide ,  and 
Cl2 m a y  be found a f t e r  the solution. C33 cor re sponds  to  the m a x i m u m  
solubili ty of ca rbon  i n  the m e t a l  and Q is the thickness  of the forming  
phase.  

F i g u r e  7. The Distribution of the Concen- 
t ra t ion  of Carbon i n  the P r o c e s s  of I ts  
J e t  Diffusion f r o m  Carbide into the Con- 
tacted Metal  a t  Moment of T i m e  t 

L e t  us  examine  two cases :  

1 )  
2 )  

Diffusion of ca rbon  f r o m  a semi- inf ini te  body 
Diffusion f r o m  a f ini te  body. 
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The f i r s t  c a s e  belongs to the wel l  known c l a s s  of Stefan p r o b l e m s  
with parabolic law of growth’. 

a. The  C a s e  of the Semi-infinite Body 

F o r  the three d i v e r s e  p h a s e s  Me C ( p h a s e  l ) ,  of the f o r m -  I 
ing carb ides  Me C (phase  2) and tke contacted m e t a l  (phase  3) ,  l e t  us  

put down the diffusion equation. 
11 

I 

i a 2  c 
i ac 

a t  
-- - Di 

i = 1, 2 ,  3 ,  

w h e r e  index 1 c o r r e s p o n d s  to phase Me C ,  

I1 

I 
index 2 is the forming  c a r b i d e  Me 

index 3 is the contacted m e t a l ,  
D1 is the coefficient of diffusion of carbon in Me 

D2 is the coefficient of diffusion of c a r b o n  in  Me 

D3 is the coefficient of diffusion of c a r b o n  in  meta l .  

C, 

C ,  I 

I1 C ,  

Boundary and ini t ia l  conditions have the f o r m :  

The conditions of the mass balance on the s e p a r a t i o n  boundaries  
a t  x = 0 and x = E a r e  wr i t ten  down as  follows: 

D l ( 2 )  = D Z ( 4  ac 
x = o  x = o  

( 3 . 2 )  
x = E ( t )  

d t  
x = E ( t )  

The s e p a r a t i o n  boundary of p h a s e s  a t  x = E is t ransposed  accord ing  
to the law 
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= 2 a a .  (4) 

Equation (4) de te rmines  the position of the phase boundary between 
the forming  carb ide  and the m e t a l  i n  contact. The  constant  Ilarl is the 
means  f o r  the solution of Equation (1 )  with fulf i l lment  of conditions ( 2 )  
and ( 3 ) .  

Omitting intervening in se r t ions ,  we wil l  s e t  down the equation f r o m  
which i t  is possible  to  de t e rmine  l l a l ' :  

COl - c11 

c 2 2  

where  erf (2) 

exp az (1 - 3) 
1 2 c33 - = e x p a  t- 

g * a  aCz2 

Z 

exp - z 2  dz.  

(5 )  

If Ds < DZ and C33 << C22, then the expres s ion  (5)  m a y  be simplified: 

2 = a exp a . c 22 

Equal i t ies  (4) and (6 )  de t e rmine  the speed of the format ion  of the 
ca rb ide  phase if  the d imens ions  of the contacted carb ide  sa t i s fy  the 
conditions of the semi- infinite body. 

L e t  u s  note, however ,  that  i n  c a s e  of fulfi l lment of equal i ty  (6 ) ,  the 
concent ra t ion  of Clz i n  the forming  carb ide  on the boundary of x = 0 is 
d e t e r  mined by equation; 

.l. e,- 

If i t  t u rns  out that  Cl2 is h igher  than the concentrat ion of ca rbon  C ~ Z ,  
corresponding  to the upper  l imi t  of the area of homogeneity i n  the f o r m -  
ing c a r b i d e ,  then in  o r d e r  to de t e rmine  the p a r a m e t e r  of llaII instead 
of Equat ion (6) ,  the following express ion  has to be used: 

.'. 

= a G er f  a exp a2 . cy2 - c 2 z  

c 22 

Equal i ty  (8)  follows f r o m  the assumption that on the bgundary 
1- 

Me C - Me C ,  the m a x i m u m  possible concentrat ion of Cl2 is maintained I I1 
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while the k ine t ics  of the growth  of the l aye r  a r e  subjec t  to  parabol ic  
law. 

16 The i s s u e  of f o r m u l a  (8)  is given in  work  by G e r t s r i k e n  and Dexter  . 

b. The  C a s e  of the F in i t e  Body 

L e t  the d i f fus ion  of c a r b o n  occur  f r o m  a plate  of 1 th ickness .  
The ini t ia l  concent ra t ion  of ca rbon  i n  the plate  is equal  t o  Col. 
p r o c e s s  of d i f fus ion  on the boundary of the plate  a t  x = 0 and x = Q, a 
concent ra t ion  of c a r b o n  equal  t o  C11 i s  maintained.  
known solut ion for  this  case1', i t  is poss ib le  to  d e m o n s t r a t e  that  the flow 
of the diffusion component on the boundary x = 0 and x = 1, i s  equal  to: 

In the 

Then uti l izing the 

M 

m =  0 

F o r  s implif icat ion of the p rob lem,  l e t  u s  examine  a c a s e  when the 
flow of ca rbon ,  diffusing f r o m  the fo rming  c a r b i d e  into the me ta l ,  is 
insignificant and has prac t ica l ly  no influence on the speed  of the f o r m a -  
t ion of the c a r b i d e  phase  of the me ta l .  

W e  wil l  find the speed  of the growth  of the c a r b i d e  phase on the 
m e t a l  if on the boundary of the example a t  x = 0 ,  a flow is unleased ,  
de t e rmined  by Equat ion ( 7 )  while a t  x = E the concent ra t ion  is maln- 
tained cons tan t  and is equal  to  C22. 
is solved in o ther  work18. 
c a s e ,  we may  s e t  down: 

In a g e n e r a l  f o r m ,  this  p r o b l e m  
Utilizing this  solut ion as appl icable  to  ou r  

r -. 

Here  the des igna t ions  are the s a m e ,  as those  in  p,oint (1) .  

F i r s t  l e t  u s  find the solut ion (8)  in  the a s s u m p t i o n  that i n  the r igh t  
co r re spond ing  to  m = 0. s ide  we m a y  be l imi ted  to  one f i r s t  member, 

This  is a s s u m e d  valid a t  
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The solution we s e e k  is in  the f o r m  of: 

D1 TT' t 
E = A0 -Bo exp - 

Q 2  
(9 )  

After  t ransformat ion ,  the left  s ide  in  Equation ( 8 ) ,  taking into con- 
s idera t ion  Equation ( 9 ) ,  is wr i t ten  as  follows: 

2 k -  2 n t 2  2 n -  1 a k t l  (2k t 1). . . (2k  - 2n + 3)A0 Bo (2n  - 1) 
k + l  

n = 1 , 2  2 e - 2 n a t  , . . .  k = n , n + l ,  c ... D! (2k + 1) I (2n) I ( -  1) 

a k t l  (2k t 1). . . (2k  - 2n t 3)Ao dn - b 2 n -  1 )  2k - 2 n  + 

DF (2k t 1) I (2n  - 1) I ( -1 )  k 
tC e -2 (2n  - l )a  t 

n =  1 , 2 ,  . . .  k = n -  l , n ,  ... 

1 
D1 

Q 
w h e r e  a =T - 

After  substi tution of sens ib le  values = 0. 4 c m ,  D1 2, D2 * lo-' ' 
2 cm / s e c ,  A0 % Bo 2, 0.01 - 0. 03, we obtain the information that  the 

m e m b e r s  of the row r e c e d e  and d isappear  v e r y  quickly,  and therefore  
i t  is possible  with g r e a t  a c c u r a c y  to get by only with the f i r s t  m e m b e r  
( n  = 1,  k = 0) ,  which is equivalent to: 

I30 DIT' D1  IT^ t exp - 
Q2 Q2 

F r o m  this  we find: 

F o r  de te rmina t ion  of Ao, we will  make u s e  of the obvious equality 

F ina l ly ,  we s e t  down 
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The obtained solutions (4) and (13) complement  one another .  Solution 

It is considerably m o r e  sui table  to  con- 
(4) is valid at low t e m p e r a t u r e s  and s m a l l  I l t " .  

h igh t e m p e r a t u r e s  and high "t". 
duct  the investigation of the conditions of applicabili ty of one f o r m  o r  
another not in genera l ,  but with a specif ic  s y s t e m .  

Solution (13) is valid at 

Let  us apply the above express ions  f o r  de te rmina t ion  of l a y e r s  of 
interact ion in s y s t e m s  UC - Mo and UC - W. To br ing the p r o b l e m  to 
the s tage of designated l a y e r s ,  i t  is n e c e s s a r y  to know the coefficients 
of diffusion of c a r b o n  in the c a r b i d e s  of uran ium,  molybdenum, and 
tungsten as well  as in molybdenum and tungsten. 

3. Rev iew of Data on  Dif fus ion Cons tants  in Molybdenum, Tungsten,  
and Carbides Mo,C, W,C, and UC 

Data on diffusion mobili ty of carbon in  c a r b i d e s  of uran ium,  
molybdenum, tungsten as wel l  as i n  tungsten a r e  col lected in Table  I. 

The coefficient of diffusion of c a r b o n  in the c a r b i d e  of u r a n i u m  a t  
1000°C is obtained by m e a n s  of extrapolat ion of d a t a  given by Samsonov,  
Strashinskaya,  and Shiller". 

The admiss ib i l i ty  of such  extrapolat ion is substant ia ted by exper i -  
menta l  resul ts2 '  c a r r i e d  out in the t e m p e r a t u r e  r a n g e  in te rva l  800" - 
1100" c. 

L i t e r a t u r e  contains no re l iab le  d a t a  on the s tudy of diffusional 
mobility of c a r b o n  in MozC and Mo a t  1000" - 1400".  

The r e s u l t s  of work by Samsonov and Epik' c o n c e r n  much h igher  
t e m p e r a t u r e s .  

Extrapolat ion of these  d a t a  for  1000°C m a y  lead to  g r e a t  e r r o r .  

Work by Takenchi ,  Homma,  and Sato" d e s c r i b e s  the m e a s u r e m e n t  
of diffusional mobili ty of c a r b o n  in molybdenum with appl icat ion of 
isotope C14. The au thors  of this work noted as wel l  the fac t  of the 
format ion  of c a r b i d e  of molybdenum dur ing  diffusional holding t i m e ,  
which l e s s e n s  significantly the value of the i r  r e s u l t s .  
diffusional mobili ty of c a r b o n  in molybdenum p r e s e n t s  g r e a t  difficult ies 
in view of i t s  low solubili ty i n  molybdenum. 

The  s tudy of the 

The exper iments  conducted by us  accord ing  to  the methods d e s c r i b e d  
by Gel 'D and Lubimov6 have shown that  a t  1000°C the coefficient of dif- 
fusion of c a r b o n  in molybdenum is no g r e a t e r  than lo- ' '  cm / s e c .  2 Also, 
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taking into considerat ion the insignificant solubili ty of ca rbon  in  molyb- 
denum (about  0 .02 weight pe rcen t  C)20, expres s ion  (5)  for computation 
of r 'arr  may  be rep laced  by Equation (6).  The same appl ies  to  tungsten. 

F o r  de te rmina t ion  of coefficients of the diffusion of ca rbon  in MozC, 
the following work  has been pe r fo rmed ,  
mel ted down molybdenum (99. 9 percent  pu re )  and placed in  contact  a t  
1000°C with high puri ty  graphi te .  

Samples  w e r e  p repa red  f r o m  

The thickness  of the MozC layer  formed on molybdenum was  de te r -  

The r e s u l t s  of the measu remen t s  a re  compiled in  Table  11. 
mined on a mic romet i c -du romete r  PMT-3  as a n  ave rage  f o r  100 mea-  
s u r e m e n t s .  

-9, a,* 

A constant  concentrat ion of C12 was maintained on the su r face  of 
molybdenum samples  used in the conducted expe r imen t s .  
r ea son ,  Equations (4 )  and (8)  may  be used f o r  computation of the 
coefficient of diffusion. 
given by G e r t s r i k e n  and Dexter  . 
of diffusion of ca rbon  in Mo2C a f t e r  adjusting the expe r imen ta l  da t a  
(Table  11) turned out to be equal to  2 
computation5, i t  was  accepted that  C;Z = 0. 536 g / c m  and CZZ = 0.491 
g / c m 3 .  

F o r  this  

The method employed f o r  such  computation is 
The ave rage  value of the coefficient 

lo -"  c m z / s e c  a t  1000" .  During 
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4. Computation of the Thickness of Carbide Layers Formed on Molybdenum 
and Tungsten on Contact with Carbide of Uranium 

F o r  computation of the thickness of forming  ca rb ide  l a y e r s  on 
molybdenum and tungsten a f t e r  contact with ca rb ide  of uran ium,  for -  
mula  (4 )  is uti l ized. Coefficient l l a r r  is found f r o m  Equation (6) .  Equa- 
tion (6 ) ,  as has been shown above, is valid,  provided the flow of carbon 

under  conditions (3 .2 )  D3 can  be ignored.  

In ou r  c a s e ,  due to  the low solubility of ca rbon  i n  molybdenum and 
tungsten,  this  condition is fulfilled of which one may  find substant ia t ion 
using the following ini t ia l  data:  

C11= 0.6188 g / c m 3  a t  1000"C'2 
C Z 2 =  0.4914 g / c m 3  for  MozC' 
Cz2 = 0.4671 g / c m 3  fo r  W2C5 
c z 3  = 0 .001  g / c m 3  fo r  ~ 0 2 ~ .  
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Table I. Diffusion Constants  in  the Case  of Diffusion of Carbon into UC, 
Mo2C, W2C, and W 

Medium 

M o ~ C  

Method 
~ 

Cl4 

M 

M 

Cl4 

M 

T e mpe r a t u r  e 
Interval ,  " C  D" c m 2 / s e c  

1470 - 2270 

1400 - 1800 

1525 - 1850 

1230 - 2014 

1000 - 1400 

2 

780 

25,000 

1 . 6  * 

k c a l /  mol  

50 

a3 

112 

50 

D a t  1000°C 

5. 92 lo-" 

5 .42 

1 .97  - 1 0 - l ~  

4 .74  1 0 - l ~  

2 . 0  - lo-"  

Authors  

9 

7 

8 

19 

Publ ished 
Works  

Notes: 1) CI4 - Method with application of radioact ive isotope C14. 
2) M - Metal lographic  de te rmina t ion  of the coefficient of diffusion along the 

thickness  of the forming  l a y e r .  

Table  11. Thickness  in  Microns  of the Mo2C Layer  
F o r m i n g  on Molybdenum After  Contact  with Graphi te  

T i m e  

T e m p e r a t u r e  

1000 8 *2 19 *2 28 * 3  

To elucidate  the influence of ca rbon  content in  the monocarb ide  of 
uran ium on growth r a t e  of forming  l a y e r s ,  l e t  us  s e l e c t  t h ree  values  of 
concentrat ion of ca rbon  Col in monocarb ide  equal  to 0.624 g / cm3 ,  0.650 
g / cm3 ,  and 0.676 g / c m 3  which c o r r e s p o n d s  t o  4 . 8 ,  5 . 0 ,  and 5 .2  of 
weight in percent .  

We a s s u m e  the dens i ty  of the ca rb ide  of u r a n i u m  to  be equal  to 
13 g/cm3.  The  values  of t he  coeff ic ients  of diffusion are  ci ted in Table  I. 

The computed values  of unknown cons tan t  'latt by means  of the solu-  
tion of the t ranscendenta l  Equat ion (6)  are c i ted  in  Tab le  111. 

The e s t ima te  of the concent ra t ion  of c a r b o n  in  the ca rb ide  of molyb- 
denum a& x = 0 accord ing  to Equat ion (7)  shows tha t  Cl2 < CTz a t  1000°C 
where  C12 co r re sponds  to the upper l i m i t  of the homogenei ty  r ange  of 
MozC. The re fo re ,  i t  is n e c e s s a r y  to  u t i l i ze  e x p r e s s i o n s  (4 )  and (6) in  
the computation of the forming  l a y e r  du r ing  the ini t ia l  per iod.  In the 
c a s e  of tungsten,  i t  turned out that  CI2  is g r e a t e r  than CT2 and equal  to 
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0. 55 g / c m 3  according to  Samsonov5. 
I t a "  is found f r o m  Equation (8). 
the ca rb ide  of u ran ium 0.3. 

Therefore ,  f o r  tungsten,  constant  
I t  is uniform f o r  all composi t ions of 

Diffusion Pairs 

UC-MO 

uc-  w 

Carbon  Content in 
Monocarbide of Uranium, 

P e r c e n t  of Weight 
T e m p e r a t u r e  1 

( "  C) 5 .2  5 . 0  4. 8 

1000 0.112 0.0612 0 ,0101 

1000 1.452 1.277 0.683 

L e t  us  c i te  the f inal  f o r m  of dependence of th icknesses  of f o r m e d  
l a y e r s  on t ime:  

E = 9 . 1  
E = 5 . 5  * 

E = 1. o 
E = 2 . 7  

forUC(4.  8 percent  C)  - Mo 
f o r  U C ( ~ .  o percent  C) - MO 

1 0 - W  f o r  U C ( ~ .  2 percent  C) - MO 

f o r  UC(4.8 - 5. 2 percent  C)  - W 

t i n  sec,  E in  )I. 
The solution of the equation of diffusion f o r  a body of finite dimen- 

s ions  (Equat ion (13)) ,  as has been noted above, is valid fo r  extended 
t i m e s  and high t e m p e r a t u r e s  as wel l  as with small th icknesses  of 8 .  
In  the invest igated c a s e  a t  Q = 0 . 4  cm, the parabol ic  law of growth should 
be r ep laced  by the law de te rmined  by f o r m u l a  (13) a f t e r  l o5  hours .  In 
this  manner  a t  a t e m p e r a t u r e  of 1000°C in  the wide t ime in te rva l ,  the 
f in i t e  d imens ions  of the body m a y  be ignored and the parabol ic  law of 
growth  uti l ized. But, however ,  with high t e m p e r a t u r e s  and th icknesses  
of s a m p l e s  about 0. 2 - 0. 1 c m ,  i t  is n e c e s s a r y  to use  fo rmula  (13),  
i. e . ,  to take into cons idera t ion  the dimensions of the body a l r eady  af te r  
10 - 100 hour s .  

5. Comparison of Computed and Erperimentally Obtained Values of Thicknesses 
of Formed Carbide Layers on Molybdenum and Tungsten 

With the aim of checking out the above presented  computations,  
a t a s k  was  s e t  afoot to  study experimental ly  the contact  in te rac t ion  of 
tungs ten  and molybdenum with the monocarbide of uranium. Samples  
of molybdenum and tungsten 09 m m a n d a  height  of 2 mm w e r e  cut  f r o m  
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forged r o d s  obtained by the method of powder meta l lurgy .  The puri ty  
of the m e t a l s  was  99.9 percent .  The carb ide  samples  of the two sub- 
s tances  (Table  IV) 09 mm and h 4 mm w e r e  obtained by the powdered 
meta l lurgy  meta l .  
12.7 g/cm3. 

The densi ty  of the carb ide  samples  was  12.6 - 

No. 
of 

P a r  t i es  U ‘Total ‘Free N 
v 

1 95 4. 7 - 4 . 9  0 . 1  0 .005  

2 s  94. 8 5 . 0  - 5.2  0 .1  0.005 

0 

0. 15 

0. 15 - 

The carb ide  and meta l l ic  s amples  w e r e  polisbed apd placed sequen-  
t ially into molybdenum conta iners .  

The grooved connection of the cove r  of the conta iner  with the con- 
ta iner  a s s u r e d  a re l iab le  contact.  
in a vacuum stove with a molybdenum h e a t e r  i n  a vacuum 4 mm 
of m e r c u r y  column a t  1000°C up to 2500 hour s .  The a c c u r a c y  of the 
t empera tu re  m e a s u r e m e n t  was  *20° C. After  annealing, the s a m p l e s  
f r o m  tungs ten  and molybdenum w e r e  invest igated rontgenographical ly ,  
metal lographical ly ,  and r ad iomet r i ca l ly  by m e a s u r e m e n t  of a- act ivi ty .  
Diffusional p a i r s  w e r e  used f o r  computat ion because  they posses sed  
sa t i s fac tory  linkage. 

The diffusion annealing was  conducted 

The exper iments  w e r e  duplicated.  

The penetrat ion of u r a n i u m  into the contacted samples  was  insigni- 
f icant  fo r  all invest igated composi t ions.  Along the l a y e r ,  r a d i o m e t r i c  
ana lys i s  did not uncover t r a c e s  of u r a n i u m  a t  a depth  of 20 p a f t e r  
diffusional annealing during 2500 hour s .  T h e r e f o r e ,  i t  m a y  be cons idered  
that the p r o c e s s e s  of mass t r a n s f e r  in the f i r s t  approximat ion  are  d e t e r -  
mined by the diffusion of carbon.  

On the su r face  of meta l l ic  s a m p l e s  a f t e r  diffusional anneal ing,  the 
layers  of the resu l t ing  in te rac t ion  w e r e  de t e rmined  and m e a s u r e d  
metal lographical ly .  

The thickness  of the l a y e r s  is p resen ted  in  Table  V. 



. 

t (hour) 

F i g u r e  8. The Computated and Exper imen ta l ly  Obtained 
Values  of the Th ickness  of the F o r m e d  Carb ide  L a y e r s  
on Molybdenum After  I t s  Contact with Carb ide  of Uran- 
i u m  at 1000" C. Curve  1 ,  Obtained by Computation, 
Cor re sponds  5 .2  Weight P e r c e n t  C; Curve  2,  5 . 0  Weight 
P e r c e n t  C; and Curve  3, 4 . 8  Weight P e r c e n t  C i n  Carb ide  
of Uranium. 

Au thor ' s  r e su l t s :  

Data  f r o m  l i t e r a tu re :  x 5, 1 Weight P e r c e n t  C in  UC9 

5. 0 + 5. 2 Weight P e r c e n t  C in UC 
4. 7 + 4. 9 Weight P e r c e n t  C i n  UC 

30 

20 

IO 

0 1000 2000 t'( hour! 

Computed and Exper imenta l ly  Found Values  
of Th icknesses  of F o r m e d  Carb ide  L a y e r s  on Tungs ten  
Af te r  Its Contact with Carbide of Uran ium at 1000°C. 
Curve  1 Cor re sponds  4. 8 - 5. 2 Weight P e r c e n t  i n  UC. 

F i g u r e  9. 

Author ' s  r e su l t s :  5 .0  - 5 . 2  Weight P e r c e n t  C in  UC. 
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Table V. Resu l t s  of Interact ion of Molybdenum and Tungsten 
with Carb ide  of Uranium a t  1000" C 

I 
No. of P a r t i e s  

1 
(4 .7  - 4 . 9  wt %) 

(5.0 - 5 .2  wt 70) 
2 

I 

T i m e  
(hr) 

1300 

2 50 
500 

1000 
2 500 

Thickness  of In te rac t ion  Microns  I 
Mo 

2 - 3  

5 
8 

10 
t 17 

W 

0 . 5  

0 .5  
0 .5  
0 . 5  

1 + 2  

Rontgen ana lys i s  has shown that the fo rmed  l a y e r s  co r re spond  to  
Mo2C fo r  molybdenum and W C ,  W2C f o r  tungsten. In tungsten,  i n  all 
c a s e s  X- ray  ana lys i s  has shown the p re sence  of phases  WC and W2C. 
As long as the sensi t ivi ty  of the meta l lurg ica l  method is not g r e a t e r  
than 0 .5  f 1 mic ron ,  ( then) the l a y e r s  of ca rb ides  of tungsten w e r e  not 
noticed a f t e r  extended contact  of 250, 500, and 1000 h o u r s  with UC 
( 5 . 0  - 5.2 weight percent )  and 1300 h o u r s  with UC(4. 7 - 4. 9 weight 
percent) .  

Exper imenta l  da t a  are presented  in  Table  V together  with computed 
values in  F i g u r e s  8 and 9. In these  v e r y  d i a g r a m s  are  a l s o  p re sen ted  
the r e su l t s  of work  by Katz". The computed and expe r imen ta l  values  
are in excel lent  ag reemen t .  T h e r e f o r e ,  the proposed diffusional d ia -  
g r a m  of contact  in te rac t ion  is fulfi l led,  a t  l e a s t  a t  1000°C. 

6. Conclusions 

1) An equation for diffusion is solved which c o r r e s p o n d s  t o  
the migra t ion  of ca rbon  f r o m  ca rb ide  into the m e t a l  in contac t  with sub- 
sequent format ion  of ca rb ide  layer .  

and tungsten a t  1000°C up  to  2500 h o u r s  has been exper imenta l ly  
investigated.  

are in sa t i s fac tory  a g r e e m e n t  with those  a r r i v e d  a t  exper imenta l ly .  

2) The in te rac t ion  of ca rb ide  of u r a n i u m  with molybdenum 

3) The computed values  of the magni tudes  of the forming  l a y e r s  
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111. RESEARCH INTO THE DIFFUSION OF CARBON INTO ZIRCONIUM 
AND ZIRCONIUM CARBIDE 

by R. A. Andrievskii, V. N. Zagryazkin, 
and G. Yo. Meshcheryakov 

Information on the diffusional mobility of ca rbon  in z i rconium and 
i t s  ca rb ide  is v e r y  l imited.  
t r a n s f e r  of ca rbon  into z i r con ium a t  900"- 1200"C, have evaluated the 
numbers  (numer i ca l  values)  of the t r ans fe r .  The de termina t ion  of 
effective cha rge  was  not possible  due to the absence  of da ta  on diffusion 
I n  the work  of Samsonov and his colleagues7, the diffusional sa tura t ion  
of z i r con ium by carbon was investigated,  and c e r t a i n  ene rgy  p a r a m e t e r s  
of in te rac t ion  w e r e  evaluated. A s  far as i t  is known, these  works  fo rce  
the only information on the diffusional mobility of ca rbon  i n  z i rconium 
and ca rb ide  of z i rconium. 

Babikov and GruzinZ3, studying the e lec t ro-  

The samples  of iodide z i rconium and carb ide  of z i rconium used by 
us  in  our  work  had the d imens ions  10 - 12 mm and h 8 - 10 mm. 

The  l a t t e r  s ample  was  p repa red  by means  of hot  p re s s ing  a t  2200°C 
under  p r e s s u r e  of about 200 k g / c m Z  with a subsequent  two hour  anneal-  
ing under  the s a m e  t empera tu re  fo r  homonization. 
the s a m p l e s  did not exceed 5 percent ;  the composi t ion of bonded carbon 
was  11 .2  percent ,  which co r re sponds  to the fo rmula  ZrCo, 96; the quan- 
t i ty  of f r e e  carbon was  0.65 percent ,  z i rconium - 88. 0; the la t t ice  para-  
m e t e r  - 4.697 A. The iodide z i rconium contained ,weight percent )  
0 .01 C;  0.035 N; 0. 11 0; 0.22 F e ;  and 0.015 Hf. 
o ther  admix tu res  was less than 0.005 weight percl  -it. 

The porousness  of 

'he quantity of the 

The rad ioac t ive  ca rbon  C14 was  smeared  in  a thin l aye r  on thoroilghly 
polished b a r s  of s a m p l e s  in the f o r m  of a n  emuls icn  in  glycer ine 
( spec i f ic  grav i ty  30 m i c r o c u r i e / g ) .  The samples  -vere  annealed by p a i r s  
i n  a graphi te  conta iner  which a s s u r e d  a tight conta :t of "active surfaces".  
T h e  z i r con ium was annealed in a vacuum - 10 T o r r  a t  1100" - 
1600°C and the ca rb ide  of z i r con ium w a s  annealed in  refined he l ium a t  
1600" - 2100" C. 
P t  + 10 pe rcen t  R h / P t  and W t 5 percent  R e / W  t 20 percent  R e  with a n  
a c c u r a c y  *20"C. Af te r  annealing, the samples  w e r e  sepa ra t ed  and a 
l aye r  r a d i o m e t r i c  ana lys i s  was per formed with cons t ruc t ion  of depen- 
dency  l g y e  f(xz) ,  where  9 is the intensity,  p is the numbering ( s c o r e ) ,  
and x i s  the dis tance.  In all cases, these dependencies  had a l inear  c h a r a c t e r  
which evidenced adherence  to  conditions of diffusion f r o m  a thin l aye r  
( F i g u r e  10).  
times d o  not fall on l i nea r  dependencies l g y - x ' ,  but microscopic  and 
m i c r o d u r o m e t r i c  investigations did not show format ion  of a carb ide  

The t e m p e r a t u r e  was  m e a s u r e d  by thermocouples  

However ,  f o r  z i rconium ( the ini t ia l  one) ,  two points some-  
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phase. 
wel l  known formula :  

The coeff ic ients  of diffusion D w e r e  computed accord ing  to a 

0. 1086 
T tan a D =  Y 

where T is the annealing t ime  and tan  a is the tangent of the angle  of 
incline of the s t r a igh t  (d i r ec t )  l ine i n  coord ina tes  lg/-xz.  
of the l e a s t  s q u a r e s  was used f o r  calculat ion of data .  

The method 

Tables  VI  and VI1 and F igure  11 show the values  of the coeff ic ients  
of diffusion of ca rbon  in  z i r con ium and the ca rb ide  of z i rconium.  
values a r e  a v e r a g e s  f r o m  3 - 4 m e a s u r e m e n t s .  
carbon i n  the carb ide  of z i rconium, another  method was a l s o  used.  
consis ted of the appl icat ion of the ca rb ide  of z i r con ium containing rad io-  
ac t ive  carbon-14.  
Computation was  conducted accord ing  to  the wel l  known f o r m u l a  f o r  a 
case of diffusion f r o m  a constant s o u r c e  into infinite space .  
lead to v e r y  similar r e su l t s .  
the marg in  of e r r o r  of the exper iment .  
mination of the coefficient of diffusion and ene rgy  of act ivat ion i n  ou r  
case consis ted of about 20 and 4 percen t ,  respec t ive ly .  

All  
F o r  the diffusion of 

It  

The thickness  of such  a s a m p l e  was  6 - 8 mm. 

Both methods 
The d i f fe rence  in  values  of D fell wel l  into 

The max ima l  e r r o r  i n  the d e t e r -  

a 

3t I4OO0C I 

b 

0 so I O 0  

104x2~ cm2 

Figure  10. Resu l t s  of Laye r  Rad iomet r i c  Analys is  i n  Coordi-  
nates  1g.f-xz: a - Zi rcon ium;  b - Carb ide  of Z i r c o n i u m  
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The t e m p e r a t u r e  dependencies  of D, obtained with the he lp  of the 
method of l ea s t  s q u a r e s ,  has the f o r m  

Conditions of Exper imen t  

T e m p e r  a tu r  e Durat ion 
( ”  C) (hr) 

1100 2 

1200 5 

1300 1 .5  

1400 4 

1520 2 

1600 0 . 5  

D c-Zr = 3.6 lo-’  - exp (-34,200) R T / c m ’ / s e c  (1) 

D - io7 ,  C I I I ~ / S ~ C  

1 .4  

2 . 2  

7 .3  

15 

27 

33 

D = 3. 3 lo-’ exp (-114,000) R T / c m ’ / s e c .  . c--) Z r  CO .96 

Let  us  d i s c u s s  the obtained dependencies  (1) and (2) .  First of all 
i t  is expedient to evaluate  the en t ropy  of activation AS of diffusion of 
ca rbon  in P - Z r ,  utilizing the wel-1 known express ion:  

w h e r e  Do is the preexponential  fac tor ;  p is the number  of equivalential  
t ranspos i t ions  of i n t e r s t i t i a l  a t o m s ,  equal to 4 f o r  b. c. c.  (body centered  
cubie) ;  v is the f requency  of fluctuation, equal acco rd ing  to evaluation 
( Q / 2 m  k2)’/‘; Q is the e n e r g y  of activation; m is the mass of i n t e r s t i t i a l  
a t o m s ;  X is the d is tance  between in te rs t i t i a l  a t o m s ;  a = 1 /24 ;  a is the 
g r i d  constant ;  and R is gas  constant (3).  
c m 2 / s e c ,  v = 1. 35 
of activation, equal  to 4 . 9 5  c a l / g - m o l  0 “C.  
c o m p a r e  this value with the computed one because  da t a  on t e m p e r a t u r e  
var ia t ion  of the Young Modulus f o r  p of z i r con ium is not known. 

F o r  values Do = 3 .6  * 

1013 s e c - l ,  and a = 3. 616 A, we obtain the en t ropy  
I t  was  not possible  to 
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Table  VII. Coefficients of Diffusion of Carbon  
in  Carb ide  of Z i r c o n i u m  

Conditions of E x p e r i m e n t  1 

(hr)  
T e m p e r a t u r e  

( “ C )  D, c m 2 / s e c  

1580 

1650 

1780 

1900 

2080 

3 . 5  

- 5  

3.8 l o - ”  

-7  

F1 

-9  
3 

- 1 1  

Durat ion 1 
I 9 . 5  10-12 7 

3 I 4. 1 l o - ”  

2 2 - 
6 * 2 I 

- 5  

-7  

F1 

-9  
3 

- 1 1  

4 5 6 7 

I 0 41 10 K 

F i g u r e  11. T e m p e r a t u r e  Dependence of Coeff ic ients  
of Diffusion of Carbon in  Z i r c o n i u m  (Equat ion  (1 ) )  
and Carb ide  of Z i r c o n i u m  (Equat ion  ( 2 ) )  

I t  i s  expedient  to  juxtapose the p a r a m e t e r s  of diffusion of 
in  p of z i rconium obtained by us  with analogous d a t a  f o r  o the r  
of penetrat ion ( in te rs t i t ion) .  Table  VI11 p r e s e n t s  t h e s e  da t a .  

24 Bearing in mind the co r re l a t ion  of W e r t  and Z e n e r  , 

A S =  - Q  
aT 

28 
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4 6 7 

I 0 41 10 K 

F i g u r e  11. T e m p e r a t u r e  Dependence of Coeff ic ients  
of Diffusion of Carbon in  Z i r c o n i u m  (Equat ion  (1 ) )  
and Carb ide  of Z i r c o n i u m  (Equat ion  ( 2 ) )  

I t  i s  expedient  to  juxtapose the p a r a m e t e r s  of diffusion of 
in  p of z i rconium obtained by us  with analogous d a t a  f o r  o the r  
of penetrat ion ( in te rs t i t ion) .  Table  VI11 p r e s e n t s  t h e s e  da t a .  

24 Bearing in mind the co r re l a t ion  of W e r t  and Z e n e r  , 
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where  p, and po a r e  modulus change a t  a given t e m p e r a t u r e  and O'K, i t  
is evident  that  the r e l a t ion  of en t ropy  of act ivat ion to  ene rgy  of act ivat ion 
should be cons tan t  f o r  the diffusion of var ious  in t e r s t i t i a l  e l emen t s  into 
the same meta l .  F o r  convenience,  this  re la t ion  ( A S / Q )  is usual ly  multi-  
plied by T and a d imens ion le s s  p a r a m e t e r  is obtained25, c h a r a c t e r i z -  
ing the t e m p e r a t u r e  va r i a t ion  of the shift  module. 

P L  

z 

E x p r e s s i o n s  (4) and (5)  a s s u m e  the absence  of re laxa t ion  which, of 
c o u r s e ,  is only the f i r s t  approximation.  

Tab le  VI11 p r e s e n t s  values  of A S  and p computed by us  accord ing  to  
As i t  is appa ren t  f r o m  p resen ted  r e s u l t s ,  values  p 

The concur rence  of r e s u l t s  f o r  oxygen, 

o the r  da t a  2 6 7 2 7 ' 2 8 9 2 9 .  

f o r  diffusion of hydrogen,  n i t rogen ,  oxygen, and ca rbon  in  z i r con ium 
have  bas ica l ly  the same o r d e r .  
n i t rogen ,  and c a r b o n  a r e  re la t ive ly  good, but somewhat  p o o r e r  f o r  
hydrogen.  In absolu te  magnitude,  the values evaiuated by us  had a 
meaningful c h a r a c t e r .  Thus f o r  o ther  m e t a l s ,  the b. c.  c .  p a r a m e t e r  
p, de te rmined  f r o m  d i r e c t  m e a s u r e m e n t s  of t e m p e r a t u r e  dependence 
of the module change,  c o m p r i s e s ,  f o r  example ,  0 .43  fo r  a i r o n  and 
0. 40 f o r  tantalum3'. 

Analys is  of the r e s u l t s  of Table  VI11 thus shows that  the pa . rameters  
of diffusion of va r ious  in t e r s t i t i a l  e lements  into f3 of z i r con ium a r e  
j ux tap0 s i t  io  na 1. 

In the invest igat ion of diffusion of in t e r s t i t i a l  e l emen t s ,  i t  is common  
. In work by 3 1 , 3 2 , 3 3  p r a c t i c e  to  use  a model  of "touching ha rd  sphe res ' '  

Schumann31, a t tent ion was d i r ec t ed  to the f ac t  that  the ene rgy  of the 
ac t iva t ion  of diffusion of hydrogen,  nitrogen, and ca rbon  in  a i r o n  is 
dependent l i nea r ly  on the r a d i i  of these  two e l e m e n t s ,  and,  f u r t h e r m o r e ,  
the "ze ro"  ene rgy  of act ivat ion cor responded to  the d imens ion  of the 
o c t a h e d r a l  po re .  

An analogous dependence w a s  observed  as wel l  f o r  diffusion of 
i n t e r s t i t i a l  e l emen t s  into p of z i r con ium ( F i g u r e  12) .  
r 

H N C 

w o r k s  l3,l4,l5 and  r e l a t e  to  covalent  radi i .  

The a tomic  r a d i i  
= 0. 36 ,  ro = 0 . 6 ,  r = 0. 70 ,  and r = 0. 77 A a r e  taken f r o m  other  

I t  is c h a r a c t e r i s t i c  tha t  the value of the r a d i u s ,  cor responding  t o  
the "ze ro"  value of act ivat ion ene rgy ,  c o m p r i s e s  about 0. 2 5 1  which is 
v e r y s i m i l a r  with the r ad ius  of the oc tahedra l  p o r e s  in  p of z i r con ium 
(rOKT = 0 . 2 4  A ) .  
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The f i r s t  d i r e c t  indications on the locat ion of i n t e r s t i t i a l  e l emen t s  
As i t  is known, f o r  o ther  b. c .  c. in the p-z i rconium la t t ice  a r e  absent .  

m e t a l s ,  the body cen te red  cubic based  on the r e s u l t s  of in t e rna l  f r ic t ion  
and e l ec t romic roscop ic  invest igat ions,  the in t e r s t i t i a l  a t o m s  a r e  located 
p r i m a r i l y  in  oc t ahedra l  ho les  . 16,17 

30 

20 4 0  60 80 

-2 ,: 
F i g u r e  12 .  Dependence of Activation E n e r g y  of In t e r s t i t i a l  

E lemen t s  in p of Z i r c o n i u m  on Magnitude of Atomic Rad ius  

F o r  hydrogen a t o m s ,  however ,  a m o r e  predominant  d i s t r ibu t ion  in  
This  is poss ib ly  explained by a t e t r ahedra l  ho les  s e e m s  m o r e  na tura l .  

higher solubili ty of hydrogen i n  p phases  of t r ans i t i on  m e t a l s  of g roup  
IV in compar i son  to  hexagonal a phases .  
ho les  in the b. c.  c .  is cons iderably  g r e a t e r  than i n  hexagonal .  
e s t i m a t e s  m a d e  by Magnier  and Accary”  a l s o  add 
of predominant d i s t r ibu t ion  of hydrogen  a t o m s  i n  t e t r a h e d r a l  ho les  of 
the b. c.  c . ,  of m e t a l s .  

The  d imens ions  of t e t r a h e d r a l  
The 

ev idence  to  the f a c t  

The c i r c u m s t a n c e ,  that  r e g a r d l e s s  of poss ib le  d i s t r ibu t ion  of 
in te rs t i t i a l  a t o m s  i n  oc t ahedra l  (0) or  t e t r a h e d r a l  ( T )  ho le s  of p- 
z i r con ium la t t ice  dependence Q = f ( r )  has a l i nea r  c h a r a c t e r ,  s ign i f ies  
that  the diffusion is connected with t r ans i t i on  through oc tahedra l  ho le s ,  
i. e . ,  it  can  be r e p r e s e n t e d  by d i a g r a m s  0-0 o r  T - 0 - T .  F r o m  this  i t  
follows that t rans i t ions  0-0, as has been  noted by Magn ie r  arid Accary”,  
may be r ea l i zed  acco rd ing  to  d i a g r a m  0- T - 0  which,  evident ly ,  i s  
cha rac t e r i s t i c  f o r  d i f fus ion  of ca rbon ,  n i t rogen ,  and oxygen. 



Absence of d a t a  on the modulus change f o r  monocrys ta l  p of z i rconium 
does not p e r m i t  the quali tative evaluation of the possibi l i ty  of filling the 
t e t r a h e d r a l  and oc tahedra l  holes  by in te rs t i t i a l  a toms.  

However,  conclusions based  on  examination of diffusion of in te rs t i t i a l  
e lements  within the f r a m e w o r k  of a model  of "hard  spheres ' '  a r e  envisaged 
as not being unquestionable.  

In such  a n  approach,  the e lec t ronic  s t r u c t u r e  of solid in te rs t i t i a l  
solutions is not taken into considerat ion.  The real value of a tomic  r a d i i  
in solid solutions s t i l l  r e m a i n s  unknown. Evaluat ions c a r r i e d  out accord-  
ing to f o r m u l a s  of Paul ing and E. S. Sarkinson 
of a hydrogen a t o m  m a y  i n c r e a s e  in solid solutions up  to  approximately 
50 percent .  The  i n c r e a s e  of a tomic  r a d i i  of o ther  in te rs t i t i a l  e lements  
is considerably s m a l l e r  (up to approximately 10-20 percent ) .  
investigations m u s t  re f ine  the r e a l  c h a r a c t e r  of dependence Q =  f ( r )  
and "life span" of in te rs t i t i a l  a t o m s  in  te t rahedra l  and oc tahedra l  holes .  

14,15 indicate that the rad ius  

F u r t h e r  

The theory  of the diffusion of metall ic and metal loid a t o m s  i n  in te r -  
s t i t i a l  phases  a r e  not developed yet. Therefore ,  d i scuss ion  of dependence 
( 2 )  may be r a t h e r  quali tative.  
r a t h e r  high significance of the preexponential  fac tor .  

Thus,  i t  is not poss ib le  to  explain the 

In c o n t r a s t  to  the e a r l i e r  examined c a s e  of diffusion in  p of zi rconium, 
the diffusion of carbon in the carb ide  of z i rconium is rea l ized  not accord-  
ing to the pr inciple  of in te rs t i t i a l  but according to  the principle of sub- 
s t i tut ion in the metalloid sublat t ice  of this combination. 
tion, taking into considerat ion as wel l  the difference in the melting 
t e m p e r a t u r e s ,  the considerably lower diffusional piobility of carbon in  
the c a r b i d e  of z i rconium and considerably higher  energy  of activation, 
i n  c o m p a r i s o n  with diffusion of carbon in p of zi rconium, s e e m  to be 
absolutely na tura l .  

In this connec- 

Bor isov ,  Lubov, and Temkin"  made a study of the evaporat ion of 
the c a r b i d e  of z i rconium and establ ished that around composition 
ZrCl.00 the evaporat ion o c c u r s  congruently. 
h e a t  of subl imat ion  Q of carbon,  according to the da ta  of this  work,  
c o m p r i s e d  about 178  k c a l / m o l .  

The  value of the par t ia l  

F o r  high melting t ransi t ion meta ls ,  the re la t ion  Q/Q is usually 
0. 6 i 0. 8 19. In our  c a s e ,  this re la t ion turned out to be equal to 0.65. 

Bear ing  i n  mind this  c i rcumstance  as well as the high melting 
t e m p e r a t u r e  of Z r C ,  the obtained value of the activation energy  for  
carbon diffusion in z i rconium carb ide  a p p e a r s  to  be quite reasonable .  
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